Abstract. Advances in the telecommunication and broadcasting sectors have increased the need for networking equipment of communication towers. Slender structures, such as towers, are sensitive to dynamic loads, such as vibration forces. Therefore, the stability and reliability performance of towers can be maintained effectively through the prompt detection, localization, and quantification of structural damages by obtaining the dynamic frequency response of towers. However, frequency analysis for damaged structures requires long computational procedures and is difficult to perform because of the damages in real structures, particularly in towers. Therefore, this study proposed a correlation factor that can identify the relationship between frequenciesunderhealthy and damaged conditions of ultra high performance fiber-reinforced concrete (UHPFRC) communication towers using particle swarm optimization. The finite element method was implemented to simulate three UHPFRC communication towers, and an experimental test was conducted to validate and verify the developed correlation factor.
Introduction
Damages caused by various factors may occur in structures during their intended lifespan. These damages must be located and measured to ensure the safety of structures. Many researchers have proposed techniques for detecting structural damages based on different types of structural characteristics or responses. The natural frequencies of structures are the most appropriate response candidates for damage detection (Kaveh & Zolghadr, 2015) .
Determining the change in natural frequency can be used as a damage detection approach in structural assessment. This method offers the advantages of fast and easy frequency measurements (Sinou, 2009) . Several investigations have been conducted to identify structural damages by using natural frequency approaches. Yang, Swamidas, and Seshadri (2001) used frequency change against crack depth in 3D plots, including location, to detect a saw cut in a beam made of aluminum material. The result of the obtained frequency change contour lines were plotted and overlaid. The intersection points yielded the actual depth and location of the crack. Ren and De Roeck (2002) proposed a method for predicting the location and severity of a damage by using changes in frequencies, mode shapes, and finite element methods (FEMs). Their method, which was validated using simulated and real measurement data, yielded satisfactory results. Kim and Stubbs (2002) introduced an algorithm that uses only low modes of vibration to identify the location and intensity of structural damage. The algorithm was verified on a two-span continuous beam and achieved good accuracy in indicating the location and severity of damage. Kessler et al. (2002) investigated the influences of different types of damage (delamination, impact damage, drilled-through holes, bending-induced cracks, and fatigue damage) on frequency response by using clamped composite plates. The authors concluded that fatigue damage is the only distinguishable type of damage with in the low-frequency range. Smith and Shust (2004) studied bounding natural frequencies in structures wherein natural frequency is affected mainly by the given boundary conditions, cross section, material function sensitivity, and size function sensitivity. Sutar (2012) used Finite element method (FEM) on a cantilever beam under cracking and examined the relationship among the natural frequen-cies of a model with crack depth and location. The results showed that the natural frequency of the model decreases with an increase in crack depth and location from the fixed end. The dynamic analysis of tall slender structures is generally performed in the frequency domain based on the characteristic-dependent frequency of the mechanical properties and loads on the structure.
Towers are tall slender structures where radio transmitters and their accessories are installed. These structures house a considerable number of equipment that transmits electromagnetic waves and ensure the proper operation of various services, such as mobile communication, television, and radio. However, the structural system of towers is susceptible to damage due to the heavy wind effect. Thus, the material and geometric properties, boundary conditions, and system connectivity of these structures can affect system performance if they are not designed appropriately (Guidorzi, Diversi, Vincenzi, Mazzotti, & Simioli, 2014) . Structural damages reduce stiffness, thereby decreasing the natural frequency of a system. Therefore, the dynamic response of a structure must be investigated, particularly when the first natural frequency of the structure is less than 1 Hz. Negm and Maalawi (2000) proposed optimization models of a wind turbine tower. These models showed thatoptimizing the weighted sum of the natural frequencies of a system represents the objective function and ensures balanced improvement in stiffness and mass. Grünbaum (2008) calculated the frequencies of tall building structures and displacements using 3D FEM with three different structures and compared their behavior to wind load. The results showed that frequency increases with the stiffness of a building, where as it decreases as building weight increases. Antunes, Travanca, Varum, and André (2012) presented a dynamic monitoring system of two tall slender steel telecommunication towers with a height of 50 m located in Portugal by using the frequency domain. The results indicated that stiffness loss occurs due to the connections and degradation of existing materials. Saisi, Gentile, and Guidobaldi (2015) explored the dynamic monitoring system of the 54.0 m-tall Gabbia Tower in Mantua, Italy using damage identification based on shifts in natural frequencies. The effects of post-earthquake conditions and temperature on the frequency of the tower were also investigated. The results indicated increases in temperature and modal frequencies, whereas the natural frequency of the fundamental modes was reduced because of the far-field seismic activities. Moreover, the authors found that temperature variation has no considerable effect on the frequency of the tower.
Several investigative approaches have been used to identify damages in civil structures and to differentiate various types of damage. Diverse approaches have been undertaken. For example, some investigations focus on identifying damage locations, whereas others rely on monitoring damage initiation. The optimal solutions for any system can be defined as feasible solutions with an objective function value and any other feasible solutions attained through the selection of values for a set of parameters that satisfy all the constraint solutions (Rardin, 1998) . Many parameters and variations affect the extent of damage and inter operation of accurate decision data on damage occurrence. In recent years, various optimization techniques have been implemented to enhance the accuracy of the damage detection and health monitoring systems of structures. Mhaske and Shelke (2000) detected the depth and location of a crack in a cantilevered beam using the vibration measurement test with the aid of an artificial neural network (ANN) and a genetic algorithm (GA). The authors found that GA is an accurate search method for obtaining the desired results in vibrating structures or beams. The validation of the experimental results with ANN showed an acceptable similarity. Paultre, Weber, Mousseau, and Proulx (2016) developed a sensitivitybased damage identification approach. The system works based on the model update applied to a full-scaletwo-story structure made with high-performance concrete (HPC) under earthquake excitations. The investigation was performed to obtain mode shapes, modal damping, and resonant frequencies. Dua, Watkins, Wunsch, Chandrashekhara, and Akhavan (2001) proposed a new classification approach for identifying damages caused by impact on composite plates using ANN and FEM. Compared with other soft computing tools, particle swarm optimization (PSO) is efficient and requires only a few function evaluations to yield the same quality or improve the results (Ashour & Rishi, 2000; Dong, Xu, & Lin, 2017; Alaghebandha, Hajipour, & Hemmati, 2017) . Kazemi et al. (2011) proposed an ANN and a PSO based on certain procedures to determine the depth and location of cracks in cantilever beams. The first three natural frequencies of beams were obtained from FEA and applied as inputs for ANN. PSO was applied to train ANNs to predict the depth and location of cracks. The results are in good agreement with the actual data, thereby exhibiting the feasibility of using an ANN that is trained with only natural frequency data. Begambre and Laier (2009) reported that improved results were obtained in identifying structural damage when data frequency and FE analyses were performed on a 10bar truss and crack-free beam, which effectively determined damage location using the PSO-simplex algorithm. As warm optimization algorithm has also been applied to detect structural damage in truss by observing changes in vibrations using ant colony optimization (Majumdar, Nanda, Maiti, & Maity, 2014) , which exhibited varying levels of success in accurately determining structural damage from the results. Nhamage, Lopez, and Miguel (2016) proposed a hybrid stochastic/deterministic optimization algorithm for detecting damage in a cantilever beam due to changes in vibrational frequencies. They reported that the model performed efficiently in detecting damage from a cantilever beam.
The aforementioned literature review shows that natural frequencies are appropriate parameters for assessing the health condition of structures because frequencies depend on stiffness and indirectly reflect the stability and strength of a structure. The dynamic frequency response of healthy and damaged structures can be used to identify any damage. However, accomplishing this task is difficult when numerical and experimental methods that require numerous calculations are used. Therefore, this study proposed a dynamic frequency correlation factor for identifying the relationship between frequenciesunderhealthy and damaged conditions for ultrahigh performance fiber-reinforced concrete (UHPFRC) communication towers using PSO.
Dynamic response of the structure
In the past, several on-model-based damage identification algorithms have been developed using different dynamic characteristics, such as modes, shapes, and natural frequencies. The change in natural frequency is associated with the degradation of a structure. Thus, this parameter can be an indicator of the stability of a structure and the preventive measures that can be taken to save cost and the lives of inhabitants. Frequency can be used to evaluate the dynamic performance of a structure because it affects the stability and strength of the structure.
The dynamic analysis of tall slender towers is commonly performed in the frequency area in consideration of the frequency-dependent and mechanical properties of a building. In accordance with the Eurocodes EN 1991 -1-4 (CEN, 2005 ), EN 1993 -3-1 (CEN, 2006 , simplified quasistatic design procedures can be adopted with suitable gust response factors that depend on various parameters, such as damping factor, first natural frequency, and structural characteristic. In the design approach of the Eurocodes, the first natural frequency is a key parameter for estimating the response of a structure. The natural frequencies of towers, with variations in height and geometric characteristics, have been reported by different researchers.
The evaluation of frequency using numerical and experimental methods requires numerous calculations. Therefore, this study proposed a correlation factor for identifying the relationship between frequencies under healthy and damaged conditions of structures. The result can be used to identify cracks.
A correlation factor of damage frequency of UHFPRC communication tower
To identify the relationship between the frequencies under healthy and damaged conditions of UHPFRC communication towers, a correlation factor was used by applying PSO, as presented in Eqn (1):
where: f damage -damage frequency of the tower, f healthyhealthy frequency of the tower. To formulate the damage frequency ratio (Eqn (1)), the frequency of the structure under healthy condition should be determined (through numerical simulation or experimental test). However, as mentioned earlier, temperature variation does not affect frequency response.
A new development was achieved with regard to the capability of the indicator as a correlation factor in detecting and relatively quantifying damages. Three key points must be considered in its development: (a) the objective function must be formulated, (b) a clear method for solving the optimization problem must be developed, and (c) the convergence criteria must be defined. These itemized points are discussed in the succeeding sections. A communication tower made of UHPFRC with a hollow circular section was considered. This tower consisted of three segments that were connected to one another using bolts and nuts at the joints.
Considered communication tower
The UHPFRC communication tower used in this study was based on an actual tower located in Malaysia with a height of 30 m. The tower model was composed of three segments, and each segmentwas10 m high, bolted together at joint locations, and fixed to a reinforced concrete foundation base with a length, width, and depth of 4×4×1 m (Figure 1 ). A fixed connection was applied to provide sufficient lateral stiffness for the tower and to link the prestress reinforced concrete segmental sections to one another using bolts and nuts. The length and diameter of the bolt were 1000 mm and 25 mm, respectively, in the connection joint. Meanwhile, the bolts in the foundation connection were 1000 mm and 32 mm in length and diameter, respectively. Each segment was arranged in eight tendons, and each connection was arranged in eight holes for the bolts. The total mass density for the ultrahigh performance concrete was 2500 kg per m 3 using a grade of 150 MPa, a Young's modulus of elasticity of 55 GPa, and a Poisson's ratio of 0.18. The segments were internally prestressed using tendons with a diameter of 15.2 mm and a Young's modulus of 200 GPa. Figure 2 shows the modeled tower.
FEM was used to develop three communication towers with heights of 15, 30, and 45 m to establish the frequency correlation factor. The tower with a height of 30 m was tested experimentally to verify the results and develop the PSO algorithm for damage correlation, whereas the towers with heights of 15 m and 45 m were used to validate the algorithm. Different damage scenarios were created using FEM. The damages involved individually removing one to six bolts from each connection for the full-scale tower. Then, 87 cracks, which consisted of vertical and horizontal cracks at every 1 m of the communication tower, were simulated.
Development of FEM
Numerical analysis was conducted to evaluate the modal parameters (particularly the natural frequencies) of the precast UHPFRC communication tower under various conditions. The performance of the communication tower was investigated under free vibration in healthy and different damage cases. A 3D nonlinear finite element program, ABAQUS (Dassault Systèmes Simulia Corp., 2014), was utilized to model the three UHPFRC communication towers with heights of 15 m, 30 m, and 45 m under healthy and damaged conditions, as shown in Figure 3 . The 30 m tall tower was tested experimentally to verify the numerical results (Table A. 2, Appendix) and develop the PSO algorithm for damage correlation, whereas the 15 m and 45 m tall towers were used to validate the algorithm. Then, 3D finite element software with an eight-node solid element was used A two-node linear 3D truss element was used to model the reinforcing bar and pressurizing tendon elements that were embedded into the concrete. Screws and nuts were used to integrate the different parts of the proposed connection. For the segment connection, the screw and nut were created as solid parts with the bolts having a length and diameter of 1000 mm and 25 mm, respectively. The diameter of the bolts for the foundation and the first segment connection was 32 mm.
The structured and sweep technique was adopted for meshing. All the models meshed with a sieve of 150 mm are shown in Figure 4 .
A fixed boundary condition was applied to the UHP-FRC communication tower foundation, as shown in Figure 5 . The boundary condition is defined in Eqn (2): (2) where U is the translation, and UR is the rotation.
The Lanczos eigen solver analysis was implemented to generate frequency.
Frequency results of the 30 m UHPFRC tower
Numerical analysis was conducted to investigate the frequency response of the UHPFRC communication tower under healthy condition for the first 11 modes of vibration before damage, as listed in Table 1 , for the first 11 modes of vibration before damage. Figure 6 shows the mode shapes that correspond to the frequencies of the UHPFRC communication tower under healthy condition.
A full-scale UHPFRC communication tower in a healthy state was tested experimentally via an experimental modal analysis test using a Kistler impact hammer (model 9728A20000) to evaluate the frequency response and verify the numerical frequency responses of the tower, as shown in Figure 7 . The signal was measured using three accelerometer sensors attached to the specimen to determine the first 11 natural frequencies. The test procedures are described as follows.
Three Kistler accelerometers (model 8702B50M1)
were used to record acceleration response, as shown in Figure 8 . Each accelerometer was placed in a specific position. 2. The position of the knocking point was marked. 3. The data logger was set up, and the hammer and accelerometers were connected to the data logger to start knocking, as shown in Figure 9 . The frequencies of the structures can be obtained from the time history of the acceleration response by using fast Fourier transform (FFT). The accelerometers were installed, and the response signals were administeredusingan eight-channelsignal analyzer called OROS. The equipment was used to convert input analog signals to digital form The data were recorded in the analyzer, and then converted to FFT using NVGATE software (Oros Gmbh, 2006) . Then, NVGATE software exported the FFT results in universal file format (UFF). The MOD-AL utility program read the UFF files and exported them as frequency response function (FRF) files. The acceleration data corresponded to a frequency signal bandwidth of 400 Hz with 22 FRF data points. The sampling frequency was considered as 400 (sampling interval time was set as 0.0025 seconds) and the measured signal duration was set as 2 seconds. The resolution of the estimation was made by data analyzer and Modal Software during test data and its functioning to setup the data acquisition. From the experimental modal analysis, the dynamic properties of the tower, including the FRFs and natural frequencies, were determined during each healthy state. The modal analysis procedure for the UHPFRC communication tower is presented in Figure 10 . Table 1 shows the average frequency values determined in the dynamic tests for the tower on site. These values were used to verify the numerical analysis results. The frequency peak was 0.9 Hz, with the highest at 138.49 Hz. In accordance with the Eurocodes EN 1991-1-4 (CEN, 2005), EN 1993-3-1 (CEN, 2006), AS/NZS 1170.2 (Joint Technical Committee, 2004) , resonant response is important when the first natural frequency of the structure is below 1 Hz. Therefore, dynamic analysis must be conducted to determine resonance response compared with background response. Resonant frequency must be considered when tracking the changes in the frequency, and it can be used as an indicator of damage. Figure 11 shows the FRF graph recorded by three sensors. The different frequency peaks, which depicted the first 11 modes through the frequency bandwidth within the range of 0-400 Hz generated by MODAL software, were recorded. Thus, the maximum number of modes that can be captured with high precision through the selected setup is determined.
Validation of FEM
Experimental analysis was conducted to evaluate and verify the numerical frequency response of the 30 m tall communication tower under healthy condition for the first 11 modes, as listed in Table 1. A convergence study was conducted to verify the material properties and meshing size of the suggested FEMs of the UHPFRC communication tower used in the optimization process.
The first 11 vibration modes before damage was obtained from the modal experimental test were compared with the first 11 modes of the FEMs. The results indicated that the maximum variation obtained in the frequencies from FEM and the experimental results was 5.6% for the UHPFRC communication tower. The difference in variation was less than 20% for all the results of the full-scale tower, there by proving that ABAQUS software is an appropriate tool for predicting the behavior of UHPFRC communication towers.
Development of the PSO algorithm for the correlation factor of damage frequency of UHPFC communication tower
The optimization technique was applied to generate an optimized correlation factor of the damage frequency of a communication tower. Three major points were considered before optimizing the damage frequency correlation ratio: 1) Formulation of the objective function; 2) Use of the PSO technique to optimize the damage frequency correlation ratio; 3) Use of convergence criteria (all the parameters are described in the following section).
Objective function
In this study, the PSO algorithm was used to optimize the correlation factor of damage frequency of communica- Figure 11 . FRFs recorded at different accelerometer points for UHFPRC tower tion tower and to determine the optimal values for the unknown set of coefficients, F 1, F 2 and F 3 , from the solution space. A small difference was noted between the actual values and the predicted by applying the final optimized algorithm. Moreover, the convergence of the current method was determined by terminating the search process after identifying the set of coefficients that was able to minimize the objective function. MATLAB programming software was used to simulate and optimize the proposed damage frequency correlation ratio. The mean absolute error (MAE) objective function was used as follows (Hanoon, Jaafar, Hejazi, & Abdul Aziz, 2017a) :
where d pred f is the predicted value of the damage frequency of the communication tower, dactual f is the actual value of the damage frequency of the communication tower, and n is the number of data samples.
Different damage scenarios were created using FEM (see Appendix, Tables A.1-A.3). The damages consisted of sixty 200 mm cracks (30 vertical and 30 horizontal cracks at 1 m intervals), as shown in Figure 12 . Then, damage types and locations were set as the damage index from Cases 0 to 6.
The proposed process was simulated using MATLAB to optimize the frequency of damage. This correlation factor can be determined using the following equation:
where Damaged f and Healthy f are the frequencies under the damaged and healthy conditions of the tower. 1 c is a constant that depends on the mode number. , , and F F F are the unknown coefficients. DI is the damage index (types and locations of damage), which is defined as:
PSO algorithm
The initial PSO technique is a form of evolutionary computation process that was first proposed by Eberhart and Kennedy (1995) .This technique is based on the social behavior of birds (particles), i.e. flocking. PSO is widely used because of its robustness, global convergence capability, and easy implementation (Xie, Wang, & Li, 2012; Chagwiza, Jones, Hove-Musekwa, & Mtisi, 2018) .
As discussed earlier, the PSO algorithm has been applied to a variety of optimization problems. In PSO, Eqns (5) and (6) (Kulkarni & Venayagamoorthy, 2011) are used to update the velocity and location of every particle while conducting the search process. Shi and Eberhart (1998) suggested using inertial weight (w) to improve the convergence rate of the PSO algorithm. Using the inertial weight helps set the particle contribution rate from their previous velocity value to their current velocity value. Through the entire search process, the velocity and position of every particle can be updated as:
where i V and i X refer to the velocity and location of the studied particles, respectively; ( ) 1 Rand · and ( ) 2 Rand · represent the random numbers that are uniformly distributed from 0 to 1 and are regarded to be generally equal; 1 c and 2 c refer to the acceleration coefficients; pbest refers to the best location for every particle under study; and gbest denotes the best global position for all the studied particles. The acceleration coefficients denote the "trust" settings that indicate the degree of confidence in the best solution obtained by individual particles (cognitive parameter) or by the entire particle swarm ( 2 c , social parameter). In Eqn (3), w refers to the inertial weight, which is a scaling factor that helps control the exploratory ability of the entire swarm and also scales the existing velocity value that influences the revised value of the velocity vector. The original PSO algorithm (Eberhart & Kennedy, 1995) does not contain the inertial weight because this was introduced later by Hanoon et al. (2017a) to improve the convergence rate. Figure 13 describes the particle velocities and the revised positions for the 2D parameter space (Hanoon, Jaafar, Hejazi, & Abdul Aziz, 2017b ). Here, the particle velocity contains three major vectors. Vector 1 is the mo- mentum or the inertial component that depends on the velocity of the particle at a previous stage. This vector enables the particle to continue along its existing trajectory. Vector 2 represents a cognitive or a memory component, which is derived based on the best particle position during all the iterations. This vector helps attract particles to their previous best position within the solution space. Finally, Vector 3 is the social or swarm component, which helps particles gravitate to the best positions in the swarm.
Convergence criteria
In accordance with the iterative nature of a PSO search, the application of convergence criteria will stop the optimization procedure. The two most widely used convergence criteria are the minimum error required to achieve the optimum value of the objective function (the degree of correlation between the frequency estimated by FEM and the frequency predicted by PSO) and the maximum iterations of the algorithm. The minimum error criterion assumes the previous information of the global optimum value, where as the nature of the optimization problem de- Figure 13 . Description of the velocity and position updates in PSO for a two-dimensional parameter space termines the maximum number of iterations. In the case of prior knowledge of the optimum value, mathematical algorithms can be used to resolve the problems. However, these methods are inapplicable to practical structural optimization issues without prior information of the optimum value.
The main PSO parameters identified by Hanoon et al. (2017a) are listed in Table 2 , and the convergence criteria used in the PSO in this research are listed in Table 3 .
Implementing PSO for predicting the correlation factor of damage frequency of UHPFRC communication tower
Applying the PSO algorithm helps determine the optimized solution by calculating the best and optimal values for the unknown coefficients of 1 2 3 , , and F F F , which consequently helps improve the performance of the damage frequency correlation ratio. In this study, we incorporated the PSO algorithm to create a correlation factor of the damage frequency of a communication tower that was expected to decrease the errors between the actual N is particles number A typical range is 10-40. For some complicated or special problems, the number can be increased to 50-100.
D is particles Dimension
It is determined by the problem to be optimized.
W is the weight of Inertia Usually is set to a value less than 1, and for faster convergence, w = 0.7 is considered (Lavanya & Udgata, 2011) . It can also be updated during iterations.
Vectors containing the lower and higher bounds of the n design variables, respectively, xL, xU
They are determined by the problem to be optimized. Different ranges for different dimensions of particles can be applied in general.
Cognitive and social parameters Usually c 1 = c 2 = 1.494 (Lavanya & Udgata, 2011) . Other values can also be used, provided that 0 < c 1 + c 2 < 4.
and predicted values. We implemented the PSO algorithm using MATLAB. Every swarm present in the PSO algorithm contained the 1 2 3 , ,and F F F coefficients. The obtained values of the unknown coefficients were used in the proposed damage frequency correlation ratio to decrease the errors in estimating the correlation factor of the damage frequency values. Figure 14 shows the flowchart of the proposed damage frequency correlation ratio, which was used to improve the accuracy of the correlation factor of damage frequency prediction. This chart shows the major structure of the correlation factor of the damage frequency.
The PSO algorithm can be implemented to search for the optimum correlation factor of the damage frequency of a communication tower through the following steps:
-The swarm is initialized by assigning a random position in the problem hyperspace to each particle; -The objective function of the proposed damage frequency correlation ratio for each particle is evaluated; -The objective function value of each individual particle is obtained by comparing the current value with its . If the current value is better than its, the present particle position, i X , is set as i pbest ;
-The particle with the best objective function value is identified. The value of its objective function is determined as gbest, and its position is i gbest ; -The positions and velocities of all the particles are updated using Eqns (5) and (6); -Steps 2 to 5 are reiterated until the convergence criteria are satisfied (when the maximum number of iterations or a sufficiently good objective function value is reached).
Construction of the proposed PSO algorithm
A correlation factor, which is a simple procedure, was used to identify the relationship between the frequencies under healthy and damaged conditions of UHPFRC communication towers using PSO. Statistical analysis methods, including the coefficient of variation (CoV) and correlation coefficient (R) analysis, were used in this study to evaluate or test the frequency correlation factor for a damaged UHPFRC communication tower. The mean square error (MSE) objective function was used in this study. The amount of data utilized to build a particular model can adversely affect the accuracy of the final model. The Table 3 . PSO convergence parameters
Description Details
T max is the maximum value of iterations for the termination criterion. Obtained by the complexity of the problem to be optimized, in coupling with other PSO parameters (D, N).
k f is the value of iterations for which the relative improvement of the objective function satisfies the convergence check.
If the relative enhancing of the objective function over the last k f iterations (containing the current iteration) is less or equal to f m , convergence has been completed. f m is minimum relative to enhancing the number of the objective function. Figure 14 . Flowchart of hybrid PSO for calculating correlation factor of the frequency of damage communication tower minimum ratio of swarm sizes is estimated from the number of objects over the number of selected variables. Model acceptability was originally suggested by Frank and Todeschini (1994) .They further suggested that five swarms will be safer than three swarms. In the current research, this ratio was considerably higher, with a value of 60/2, which is equal to 30 swarms.
The values of 2 1 1.494 c c = = (cognitive and social acceleration factors) and w = 0.7 (initial inertia weight) were suggested by Lavanya and Udgata (2011) to achieve rapid convergence. These values were used in the current investigation.
The process involved in the PSO algorithm is updated until a predefined number of maximum iterations is reached or a suitable gbest is generated. In this study, the number of iterations was estimated to be 5000 because of the variation in the objective functions that becomes constant after 2800 iterations. Five swarm sizes (10, 20, 30, 40, and 50) were investigated to enable the PSO algorithm to select suitable swarms that can minimize the elapsed time and error. The PSO algorithm was tested for the PSO parameters, and the following objective functions of MSE were obtained for 10, 20, 30, 40, and 50 swarms. Figure 15 illustrates that 30 swarms yield the best solution in the algorithm, which indicates the minimum objective functions of 0.00261 for MSE. On one hand, as warm size of 30 yields more optimum results in terms of computation time and accuracy based on the pre-analysis result of different swarm sizes.
On the other hand, swarm sizes of 10 and 20 exhibited high error rates, and swarm sizes of 40 and 50 required longer analysis times than that of a swarm size of 30, which achieved a minimum objective function. The optimum values for the unknown coefficients F 1 , F 2 , and F 3 obtained from the algorithm are presented in Table 4 , and are applied in the proposed damage frequency correlation ratio. In accordance with a logical hypothesis introduced by Smith and Shust (2004) , when the correlation coefficient (Figure 16 ) of a model exceeds 0.8, a strong correlation exists between the predicted frequency by the PSO algorithm and the estimated frequency value by FEM. Figure 15 shows that the proposed damage frequency correlation ratio with a high R (0.871) value predicted the target values with an acceptable accuracy degree.
The proposed damage frequency correlation ratio that predicts the damage frequency of a UHPFRC communication tower using PSO is given by the following Eqn:
f damage = ((-8.3757 × 10 -6 × DI 2 ) + (7.4987 × 10 -5 × DI) + 0.8378) × f healthy ,
where f damage -damage frequency of the tower; f healthyhealthy frequency of the tower; DI -damage index.
Verification of the proposed damage frequency correlation ratio with case studies
The FEM for the 30 m tall communication tower determined the frequency response that was produced to build the PSO algorithm for developing the damage correlation factor. Two case studies were considered to validate the proposed damage frequency correlation ratio.
Case study 1
A 15 m tall communication tower was constructed to validate the proposed damage frequency correlation ratio for the correlation factor of frequency of the damaged UHPFRC communication tower. Figure 17 shows the comparisons of the damage frequency correlation ratio f d predicted using PSO and the damage frequency correlation ratio f damage estimated through FEM with the damage index, which consists of 60 types of damage, there by proving that the proposed damage frequency correla- Gomes (2000) , whereas CoV values between 20% and 30% signify low accuracy, and values above 30% represent low precision. In this study, the CoV values were 0.94%, 0.95%, and 1.12% for the first three vibration modes, thereby indicating that the predicted results of the proposed damage frequency correlation ratio exhibit high accuracy and consistency. The mean value achieved in the proposed damage frequency correlation ratio of the correlation factor of the frequency of the damaged UHPFRC communication tower is close to 1.0 (1.1), which indicates good correlation between the estimated and measured frequencies of the damaged communication tower. Therefore, the proposed damage frequency correlation ratio efficiently estimated the frequency of the damaged communication tower, by considering different geometries and material properties. 
Case study 2
Another communication tower with a height of 45 m was simulated using FEM to verify the proposed damage frequency correlation ratio for the correlation factor of the frequency of the damaged UHPFRC communication tower. Figure 18 displays 
Conclusions
This study proposed a correlation factor for identifying the relationship between frequencies underhealthy and damaged states of various UHPFRC communication towers under different configurations using PSO. FEM was implemented to predict the behavior of a communication tower under healthy and damaged conditions through a dynamic frequency that contributed to building and testing the PSO algorithm. Three communication towers with heights of 15 m, 30 m, and 45 m were considered to develop the frequency correlation factor. The tower with a height of30m was tested experimentally to verify the results and develop the PSO algorithm for the damage correlation, whereas the towers with the heights of 15 m and 45 m were used to validate the algorithm. On the basis of the results of the preceding case studies, the following conclusions were drawn:
-The maximum variation in the frequencies obtained from FEM and the experimental results was 5.8% for a UHPFRC communication tower. -The first natural frequency considerably changed compared with the other natural frequencies after damage occurred. The changes in frequency after damage depended on the span, geometry, and level of damage suffered by the structure. The variation in low frequencies due to damage formation in the tower is more evident than that in high frequencies, which exhibits less variation, and identifying the changes in frequencies for different types and locations of damage can be complicated. -The damage frequency correlation ratio was based on the data collected from three simulated FEMs of communication towers. -A wide range of datasets with a total of 540 from the three simulated FEMs of the communication towers was used to build and verify the correlation factor of the damage frequency of a tower. The statistical analysis showed that the CoV, mean, and R values achieved good accuracy and consistency with the obtained values. Therefore, the correlation factor can be widely used to predict the damage frequency of communication towers. -The 15m-tall tower presented CoV values of 0.94%, 0.95%, and 1.12% for the first three modes, thereby indicating that the predicted results of the proposed damage frequency correlation ratio exhibited high accuracy and consistency. Meanwhile, the 45 m tall tower presented CoV values of approximately 3.8%, 1.7%, and 0.98% for the first three modes, which indicates good correlation between the measured and estimated damage frequencies of the communication tower obtained using the proposed damage frequency correlation ratio. 
